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INTRODUCTION
Folding of proteins into functional forms inside the cell is carried out by the proteostasis network. This comprises of chaperones which aid the folding of the nascent polypeptide chain while osmolytes and chaperones are involved in stabilizing the functional proteins during stress conditions. Unchecked protein misfolding and aggregation occurs due to failure of the cellular proteostasis network and is considered to be the root cause of a large family of disorders, collectively referred to as 'protein misfolding' diseases (Chiti and Dobson 2006; Knowles, Vendruscolo and Dobson 2014) . Huntington's disease (HD) is a member of this class. In HD, an expansion of the CAG repeat in the IT15 gene results in an elongated polyglutamine (polyQ) stretch close to the N-terminus of the huntingtin protein. Misfolding and aggregation of this protein is associated with the progression of HD (Bates et al. 2015) . A few reports suggest that administration of the disaccharide trehalose can modulate aggregation of mutant huntingtin in different HD models (Tanaka et al. 2004; Sarkar et al. 2007; Chaudhary et al. 2014; Saleh et al. 2014) . The molecular mechanism of amelioration of aggregation-induced toxicity by trehalose is not completely understood. The non-reducing disaccharide is a well-known protein stabilizer. Trehalose has also been shown to enhance autophagy and clear huntingtin aggregates by a pathway independent of mTOR (Sarkar et al. 2007 ).
Varying, and sometimes conflicting, reports in the literature have speculated on the relationship between trehalose and the cellular heat shock response (HSR; comprising of various heat shock proteins, Hsps) in ensuring yeast cell survival during stress (Virgilio et al. 1994; Elliott, Haltiwanger and Futcher 1996; Iwahashi et al. 1998; Singer and Lindquist 1998a,b; Saleh et al. 2014) . A thermoprotective role of trehalose has been suggested by the significant increase in its intracellular level following heat stress (Hottiger et al. 1987; Nwaka et al. 1994; Singer and Lindquist 1998a; Saleh et al. 2014) . During long-term storage, negligible levels of Hsps could be detected and the survival of the desiccated cells depended on the accumulation of the disaccharide (Tapia and Koshland 2014) . It was observed that trehalose suppressed the denaturation of proteins but was unable to refold them (Singer and Lindquist 1998a) .
On the contrary, exposure of yeast cells to thermal stress has been reported to reduce levels of trehalose and Hsp104 with time in wild-type cells which corresponded with reduced thermoadaptation (Nwaka et al. 1994) . tps1 cells (deficient in trehalose synthesis) showed defective response to thermal or any other stress which could not be rescued by addition of trehalose (Gibney et al. 2015; Petitjean et al. 2015) , suggesting that trehalose may only have an indirect role in thermotolerance. The activity of various trehalose-metabolizing enzymes depended on the presence of Hsp104 in heat-stressed yeast cells (Iwahashi et al. 1998) . hsp104 cells, which otherwise did not accumulate trehalose in logarithmic or stationary phase, accumulate higher levels of trehalose upon thermal exposure (Iwahashi et al. 1998) , suggesting a role of Hsp104 in trehalose metabolism. Upon thermal exposure, Saccharomyces cerevisiae W303-1A cells accumulating a higher amount of trehalose exhibited enhanced phosphorylation and activation of heat shock factor 1 (Hsf1) (Conlin and Nelson 2007) . This implied that the function of the client proteins of this master regulator, including all Hsps, could be controlled by the disaccharide.
The budding yeast S. cerevisiae provides an excellent platform to study the interaction between components of the HSR under conditions of proteotoxic challenge. Genetic and chemical screens in yeast have identified Hsp104 and some small heatshock proteins and the prion conformation [RNQ + ] as modifiers of toxicity of mutant huntingtin (Meriin et al. 2002; Gokhale et al. 2005; Douglas et al. 2008) . The ATPase activity of Hsp104 is disrupted in the presence of sub-denaturing concentrations of guanidinium hydrochloride (GdHCl) (Ferreira et al. 2001; Grimminger et al. 2004; Tyedmers et al. 2010; Halfmann et al. 2012) . Inactivation of Hsp104 results in 'prion curing' of the cell and solubilizes proteins which are otherwise prone to aggregation via the 'seeding' mechanism (Meriin et al. 2002; Sielaff and Tsai 2010; Chaudhary et al. 2014) . A tight regulation was observed between the enzyme called trehalose-6-phosphate synthase 1 (Tps1) and the chaperone Hsp104 in solubilizing the aggregation-prone mutant huntingtin protein in mutants of isogenic yeast strains which did not express the major trehalose synthetic ( tps1) or metabolizing ( nth1) enzymes (Saleh et al. 2014) or were deficient in Hsp104 ( hsp104) . Addition of trehalose corresponded with increased intracellular level of trehalose and enhanced expression of Hsp104 in a proteotoxicallystressed cell undergoing protein aggregation, resulting in partial inhibition of aggregation of mutant huntingtin . This increase in the levels of the chaperone and osmolyte was not observed when wild-type huntingtin was expressed in the cell and confirmed that the enhanced level of the chaperone was in response to the toxic insult. Results in yeast are confounded by the fact that Hsp104 acts as a chaperone by 'disaggregation' mechanism (Ferreira et al. 2001) 
METHODS

Expression and purification of Hsp104 in Escherichia coli
pPROEX-HTb-Hsp104 was transformed (Sweeny, DeSantis and Shorter 2011) into codon-optimized E. coli BL21-CodonPlus-RIL cells (Stratagene) using the protocol outlined by the manufacturer. The protein was expressed and purified as described earlier (Sweeny, DeSantis and Shorter 2011) .
ATPase activity of Hsp104
A coupled enzymatic spectrophotometric assay in combination with an ATP-regenerating system was used to monitor ATP hydrolysis by Hsp104 (Lum, Niggemann and Glover 2008) . Reactions were carried out in the reaction buffer containing 3 mM phosphoenolpyrophosphate, 0.23 mM NADH, 70 U/ml pyruvate kinase, 100 U/ml L-lactate dehydrogenase (both from rabbit muscle), 2 mM ATP and 0.2 μM Hsp104. Assays were performed in a polystyrene 96-well flat-bottom plate using a microplate reader (ELx808, BioTek) at 30
• C by monitoring NADH oxidation at 340 nm. The rate of ATPase activity was calculated from the slope dA 340 nm /dt using a molar extinction coefficient for NADH of ε 340 nm = 6200/M/cm (Lum, Niggemann and Glover 2008) .
Expression of 103Q-htt-EGFP in S. cerevisiae
Overnight grown starter cultures of S. cerevisiae BY4742 (MATα his3 1 leu2 0 lys2 0 ura3 0,
and tps1 cells transformed with pYES2-103Q-htt-EGFP were inoculated in 50 ml of SC-URA medium containing 2% dextrose and grown at 30 • C, 200 rpm till OD 600 0.8. The cell culture was centrifuged, the cell pellet washed twice with distilled water, and resuspended in 50 ml of SC-URA medium containing 2% galactose to induce expression of 103Q-htt. During this time, guanidine hydrochloride (GdHCl, 3 mM) was also added as indicated. This was considered as 0 h addition. Samples were withdrawn hourly till 10 h of induction and then at 16 h. GdHCl (3 mM) was also added at hourly intervals during induction and samples were withdrawn as above. After completion of the induction period, the cells were pelleted down by centrifugation at 4000 g for 5 min at 4
• C, washed with autoclaved double distilled water, mounted on glass slides and viewed under a confocal microscope (Nikon, Eclipse E600).
Analysis of protein expression
Acid washed glass beads were prepared by treating the glass beads with 5.8 M HCl for 1 h at room temperature. The cell lysis protocol was as described earlier (Einhauer et al. 2002) . The lysates were analyzed by filter retardation assay using polyQ monoclonal antibody as the primary antibody.
Estimation of concentration of trehalose
The amount of trehalose produced by the cells was determined by HPLC (SCL-10A VP, Shimadzu) (Lillie and Pringle 1980) . Samples were injected into a Zorbax carbohydrate analysis column (Agilent Technologies) and the eluate was monitored using a refractive index detector (RID-10A, Shimadzu). The mobile phase was a mixture of acetonitrile and water in the ratio of 70:30 (v/v), at a flow rate of 1 ml/min. In order to prepare the samples for HPLC, the cell pellets were resuspended in 0.5 M trichloroacetic acid and left at room temperature for 1 h (Fisher et al. 2005) . Following centrifugation, the pellet was discarded and the supernatant was filtered through 0.2 μm syringe filter and analyzed by HPLC.
Statistical analysis
All data were expressed as mean ± standard error of mean (s.e.m.) of three independent experiments and analyzed by student's t-test. Statistically significant difference was considered when the probability (p) value was less than 0.05.
RESULTS
Effect of prion curing on aggregation of mutant huntingtin in yeast cells
FLAG-103Q-htt-EGFP was expressed in S. cerevisiae BY4742 cells under a galactose-inducible promoter as reported earlier (Meriin et al. 2002; Chaudhary et al. 2014; Saleh et al. 2014) . The protein was present in the aggregated form, as confirmed by the presence of fluorescent puncta (Fig. S1 , Supporting Information). The formation of aggregates has not been seen in cells lacking Hsp104 (Meriin et al. 2002; Saleh et al. 2014) . Guanidine hydrochloride (GdHCl) acts as an inhibitor of Hsp104 (Grimminger et al. 2004; Tyedmers et al. 2010; Halfmann et al. 2012 ) and has no effect on the expression of the latter . To elucidate the mechanism of temporal action of Hsp104 in attenuation of aggregation of mutant huntingtin (103Q-htt), subdenaturing concentration of GdHCl (3 mM) was added at different time intervals during induction of expression of 103Q-htt and samples were withdrawn at different time points. Addition of GdHCl at 0 h results in the Rnq1 protein existing in the soluble form (Meriin et al. 2002; Sielaff and Tsai 2010; Singh et al. 2013; Chaudhary et al. 2014) . Images were recorded to monitor the expression pattern of 103Q-htt in yeast cells (Fig. S1 , Supporting Information). The pellets were subjected to cell lysis and quantitative expression of 103Q-htt was followed by dot blot analysis on a nitrocellulose membrane which retains all proteins (Fig. 1a) . In the absence of GdHCl, i.e. when Hsp104 was active, expression of 103Q-htt increased with time of induction and followed a sigmoidal pattern (Fig. 1b) . No significant difference in the pattern of expression of 103Q-htt was observed in the absence or presence of GdHCl, irrespective of the time of addition of the latter (Fig. 1b) . Thus, the presence of GdHCl, i.e. inhibition of Hsp104, had no effect on the amount of heterologous protein synthesized. Aggregation of 103Q-htt was followed by filter retardation assay using a cellulose acetate membrane ( Fig. 1c; Fig.  S2 , Supporting Information). The assay separates proteins on the basis of size and only high molecular weight aggregates are retained on the membrane (Scherzinger et al. 1997) . In the absence of GdHCl, aggregation of 103Q-htt followed a sigmoidal curve ( Fig. 1d) , indicating the nature of aggregates to be of amyloidtype (Chiti et al. 2001; Ahmad et al. 2010; Jethva, Kardani and Roy 2011) . When GdHCl was added at 0 h or during the initial phase of induction, 103Q-htt was expressed in the soluble form as indicated by diffused fluorescence in cells (Fig. S1 , Supporting Information). Even when GdHCl was added till 3 h of induction, no aggregates were seen till later time points as compared to when GdHCl was not added. This suggests that although expression 103Q-htt was unaltered (Fig. S1 , Supporting Information), inhibition of Hsp104 by GdHCl led to reduced aggregation of the protein (Meriin et al. 2002; Saleh et al. 2014) . When GdHCl was added after oligomerization had commenced, i.e. around 4 h of induction, inactivation of Hsp104 had no significant effect and the pattern of aggregation of 103Q-htt was the same as in cells where GdHCl had not been added (Fig. 1d ). This suggests that disaggregation of oligomers by Hsp104, giving rise to nuclei which act as seeds for further aggregation (Sielaff and Tsai 2010; Sweeny et al. 2015) , was reduced upon inactivation of Hsp104. When GdHCl was added at 7 h or 8 h of induction, i.e. when Hsp104 was inhibited after aggregation had reached the saturation phase, aggregation of 103Q-htt was marginally reduced as compared to the aggregation in the absence of GdHCl (Fig. S2 , Supporting Information). Sufficient amount of aggregates/nuclei had formed by this time point that the process was on route to irreversibility and the presence of Hsp104 was not required for aggregation to continue. This is the stage when oligomers have already formed. Inactivation of Hsp104 at this stage prevents the disaggregation of oligomers which would have delayed the formation of mature aggregates. In the absence of an active disaggregase, the oligomers are converted to mature irreversible aggregates, accelerating their formation. Thus, significant difference in the course of protein aggregation is seen when Hsp104 is inactivated during the early stages of induction of protein expression as compared to inhibition at later time points. As GdHCl inhibits ATPase activity of Hsp104 (Tyedmers et al. 2010; Halfmann et al. 2012) , these results indicate that Hsp104 plays an important role in initiation of aggregation. Inhibition of ATPase activity of Hsp104 beyond the stage of completion of oligomerization had no effect on the process of aggregation. As interaction between the two components of HSR, viz. Hsp104 and the disaccharide trehalose, remains ambiguous, we next studied the role of trehalose in prion-cured yeast cells expressing 103Q-htt. 
Effect of trehalose on prion curing in yeast cells
The level of trehalose increased by ∼4-fold in cells expressing 25Q-htt following induction with galactose (Fig. 1e) . No significant difference in the level of intracellular trehalose was observed when cells expressing 25Q-htt (control) were treated with GdHCl as compared to the cells grown in its absence (Fig. 1e) . Thus, the presence of GdHCl had no effect on the level of trehalose synthesized by the cell per se. When yeast cells expressed 103Q-htt in the aggregated form in the absence of GdHCl, the proteotoxicity in the cells increased. This was accompanied by an increase in trehalose content, indicating the cell's response to counter the stress. In the presence of GdHCl, the cells were 'cured' and 103Q-htt was expressed mainly in the soluble form (Fig. 1d) . Under this condition, the level of trehalose synthesized by the cell was significantly lower than when 103Q-htt was expressed in the aggregated form in the absence of GdHCl (Fig. 1e) . Decreasing aggregation of mutant huntingtin leads to amelioration of proteotoxicity in the cell (Tanaka et al. 2004; Chaudhary et al. 2014; Saleh et al. 2014) . Correspondingly, the level of trehalose produced by the cells was lower (Fig. 1e ) when aggregation of 103Q-htt was lower due to inactivation of Hsp104 (in the presence of GdHCl). No difference in the level of trehalose was observed when GdHCl was added at later time points or not added at all (Fig. 1e) . In these cases, a high level of trehalose was seen to accumulate in response to higher aggregation of 103Q-htt (Fig. 1d) . With increasing time, an upward trend was seen for trehalose content following addition of GdHCl (Fig. 1e) , indicating the cell's attempt to counter increasing aggregation. This tight control of the proteostasis network upregulates the synthesis of each component strictly in response to the presence and magnitude of stress.
Effect of trehalose on the ATPase activity of Hsp104 in vitro
In order to understand the role of trehalose in the protein remodeling activity of Hsp104 in an unambiguous manner, we tested the effect of trehalose on Hsp104 after inhibiting the enzymatic activity of the latter. For this, recombinant Hsp104 was purified using immobilized metal ion affinity chromatography as per the reported protocol (Sweeny, DeSantis and Shorter 2011) (Fig. 2a) . The presence of the N-terminal histidine tag does not interfere with the ATPase activity of the enzyme (Schirmer and Lindquist 1998) . The ATPase activity of the purified fraction was checked by monitoring the rate of NADH oxidation using a coupled enzymatic assay in combination with an ATP-regenerating system (Lum, Niggemann and Glover 2008) . Molar extinction coefficient for NADH of ε 340 nm = 6200/M/cm was used to calculate the rate of ATP hydrolysis (Grimminger et al. 2004) . The purified enzyme was found to be enzymatically active (Fig. 2b) . The disaggregase activity of Hsp104 is inhibited by sub-denaturing concentrations of GdHCl (Meriin et al. 2002; Byrne et al. 2007 ).
The apparent rate constant of hydrolysis, k app (Grimminger et al. 2004) , of the uninhibited protein was 1.73/min and the maximum inhibition observed was ∼40% of the original activity at 5 mM GdHCl (Fig. 2c) . Since GdHCl is an uncompetitive inhibitor of Hsp104 (Grimminger et al. 2004) , formation of the ternary complex Hsp104:ATP:GdHCl results in a lower rate of product formation than in the absence of the inhibitor (GdHCl) but the inhibition is not more than ∼50% of the original activity (Grimminger et al. 2004) . Various studies have indicated that GdHCl cures the prion phenotype in yeast cells (Grimminger et al. 2004; Saleh et al. 2014) . Whereas WT and nth1 cells showed a significant difference in their trehalose content when not treated with GdHCl (Saleh et al. 2014) , prion curing, following treatment with GdHCl, was able to equalize the amount of intracellular trehalose in these two strains. The reason for this was investigated by monitoring the ATPase activity of GdHCl-inhibited Hsp104 in the presence of trehalose in vitro. The disaccharide (4 mM, balancing the concentration of GdHCl) was able to restore the ATPase activity of Hsp104 to almost its original level even in the presence of GdHCl (Fig. 2d) . Trehalose had no effect on the disaggregase activity of Hsp104 (Fig. 2d) . As trehalose is enzymatically metabolized into glucose, the effect of the monosaccharide on the activity of the inhibited protein was monitored. The monosaccharide was unable to restore the ATPase activity of GdHCl-inhibited Hsp104 (Fig. 2d) indicating that the reversal of prion-curing effect is specific to trehalose.
Interaction of trehalose and Hsp104 in amelioration of proteotoxicity in yeast cells
Both trehalose and Hsp104 are components of the cellular HSR machinery (Iwahashi et al. 1998; Singer and Lindquist 1998a,b; Chaudhary et al. 2014) . The levels of these two molecules are under tight regulation in the cell (Iwahashi et al. 1998) , which allows the cell to respond to stress conditions in a coordinated manner. Hence, the effect of deletion of trehalose metabolizing (NTH1) and trehalose synthase (TPS1) genes in isogenic yeast strains was studied. Fluorescence microscopic analysis showed that deletion of NTH1 (coding for neutral trehalase) had no effect on the expression of 103Q-htt (Fig. S3, Supporting Information) . Similar to the results with the wild-type strain (Fig. 1b) , addition of GdHCl had no effect on the level of 103Q-htt expressed in nth1 cells as monitored by fluorescence microscopy ( Fig. 3a) and dot blot assay using a nitrocellulose membrane (Fig. 3b and  c) . Filter retardation assay was used to monitor aggregation of 103Q-htt in nth1 cells ( Fig. 3d; Fig. S4 , Supporting Information). When GdHCl was added at the beginning of induction (0 h), no aggregation of 103Q-htt was observed (Fig. 3e) , similar to the pattern seen in the wild-type strain (Fig. 1c) . Thus, inactivation of Hsp104 maintained 103Q-htt in the soluble form. Aggregation at later time points was higher when GdHCl was added at 4-6 h (early log phase) than at 7-10 h (late log phase) (Fig. 3e) . A sudden noticeable increase in aggregation is seen just after addition of GdHCl at 6 h. Following addition of GdHCl after 7-10 h of induction, the extent of aggregation was the same as without addition of GdHCl and 103Q-htt was present in the aggregated fraction (Fig. S4, Supporting Information) . This pattern is marginally different from that seen in wild-type cells where addition of GdHCl at later time points (7-10 h) results in lower aggregation than that seen when GdHCl is not added at all or is added after GdHCl is added after oligomerization has commenced (4-6 h). This difference could reflect the effect of build-up of trehalose in nth1 cells. Thus, when Hsp104 was inactivated after aggregation had reached the saturation phase, no effect on protein aggregation was seen, similar to wild-type cells. However, when Hsp104 was inactivated before expression of 103Q-htt, i.e. when GdHCl was added at 0 h, the extent of aggregation was significantly less in nth1 cells as compared to the wild-type counterpart (Fig. 4a) . When GdHCl was added after 4 h of induction (early log phase), i.e. when nuclei had formed but aggregation had not commenced, the extent of aggregation was still lower in nth1 cells than in wild-type cells but the difference was less than that observed when Hsp104 was inactivated upon addition of GdHCl at 0 h (Fig. 4b) . Aggregation was delayed significantly in nth1 cells ( Fig. 4a and b) when compared with the wild-type strain which does not accumulate trehalose to the same extent and where aggregation was only marginally delayed upon inactivation of Hsp104. Thus, accumulation of trehalose alone had a significant effect on the solubilization of 103Q-htt in WT and nth1 cells even when Hsp104 was inactivated. The significantly higher aggregation observed in wild-type cells upon inactivation of Hsp104 as compared to nth1 cells under similar conditions also points to the important role of trehalose in response to cellular proteotoxic stress. This is noticeable when aggregation patterns in later stages are compared.
Expression of 103Q-htt was monitored by fluorescence microscopy in S. cerevisiae tps1 (defective in trehalose synthesis) cells (Fig. S5, Supporting Information) . Dot blot analysis of the cell lysates on nitrocellulose membrane confirmed that the expression of 103Q-htt increased with the time of induction (Fig. 5a  and b) . Inactivation of Hsp104 by addition of GdHCl, even in the early log phase, led to faster onset of aggregation in tps1 cells as seen by fluorescence microscopy (Fig. S5, Supporting Information). Filter retardation assay on cellulose acetate membrane showed that in the absence of trehalose and Hsp104 (when GdHCl was added at 0 h), aggregation was faster than when Hsp104 was active in tps1 cells (Fig. 5c) . Following heat shock, heterologously expressed luciferase that had aggregated in tps1 yeast cells could be solubilized later due to the disaggregase activity of Hsp104 (Singer and Lindquist 1998a) . However, in the tps1 hsp104 double mutant, the protein stayed aggregated. This probably explains the aggregation pattern observed in tps1 cells when Hsp104 was inhibited at a later stage.
The presence of functional Hsp104 (no GdHCl) in tps1 cells was found to delay aggregation of 103Q-htt as compared to its inactivation at later time points, e.g. 6 h or beyond ( Fig. 5d; Fig. S5 , Supporting Information). Till 3 h of induction (early log phase), aggregation was higher in tps1 cells (Fig. 5d) . Beyond this time point, the extent of aggregation increased at a higher rate in wild-type cells. Till 5 h of induction (at least), the presence of Hsp104 slowed down aggregation, such that in its absence (addition of GdHCl), aggregation was the highest. After 6 h, aggregation increased in tps1 cells. Interestingly, when GdHCl was added during aggregation (6 h) in these cells, further aggregation was marginally delayed. Once the mature aggregates had already formed (8 h and beyond), addition of GdHCl and inactivation of Hsp104 had no effect on aggregation of 103Q-htt (Fig. S5 , Supporting Information). In the absence of trehalose synthesis, aggregation commenced at an earlier time point in tps1 cells as compared to wild-type cells (Fig. 5e) . This is also seen in the aggregation pattern on the cellulose acetate membrane (Fig. 5c) where it is immediately obvious that a delay in the addition of GdHCl to tps1 cells leads to faster aggregation than the wildtype cells (Fig. 5c, top row) . Thus, the absence ( tps1) or presence (wild-type or nth1) of trehalose has a dominant effect on (Figs. 1d and 3e, respectively) . 100% aggregation refers to the intensity of the dot observed at 16 h in each case in the absence of GdHCl.
aggregation of 103Q-htt even when Hsp104 is functional. These results confirm the requirement of both trehalose and Hsp104 in solubilizing 103Q-htt in yeast cells.
In order to delineate the effect of trehalose in cells where Hsp104 was inactivated (by curing with GdHCl), 4% trehalose was added to prion-cured wild-type cells (i.e. GdHCl was added at different time points of induction of expression of 103Q-htt). As a control, trehalose was added to wild-type cells expressing 103Q-htt (without addition of GdHCl) after 4 h of induction, i.e. when aggregation had just commenced (Fig. 5f ). Under these conditions, the level of trehalose in the cell rose to 30.29 ± 0.22 μg/mg dry cell weight, as compared to 22.95 ± 1.58 μg/mg dry cell weight in cells when no trehalose was added to the medium . As expected (Saleh et al. 2014) , significant reduction in aggregation of 103Q-htt was observed, especially at longer time points of induction as compared to GdHCluntreated cells (Fig. 5g) . When trehalose was added along with GdHCl to yeast cells after 4 h of induction (i.e. when oligomerization had already commenced), the extent of aggregation was lower than the reduction caused by the presence of trehalose (Fig. 5g) or GdHCl (Fig. 1d) alone. Thus, even though inactivation of Hsp104 alone had no effect on the pattern of aggregation once it had started (addition of GdHCl at 4 h) (Fig. 1d) , it was still able to exert a beneficial effect on the aggregation inhibitory property of trehalose, but only at earlier time points (till 8 h of protein expression) (Fig. 5g) . The extent of final aggregation was the same. As trehalose is able to restore the GdHCl-induced inhibition of Hsp104 in vitro (Fig. 2d) , the results above reiterate that once aggregation has set in, reactivation of Hsp104 (by trehalose, Fig. 2d ) has no effect on the irreversibility of the process.
DISCUSSION
Saccharomyces cerevisiae is a well-validated model for studying protein aggregation in HD. Strains used in the early studies resulted in protein aggregation but no loss of viability (Krobitsch and Lindquist 2000; Muchowski et al. 2000) . The use of an [RNQ + ] strain was able to recapitulate aggregation-induced proteotoxicity (Meriin et al. 2002) , a hallmark of HD. The strain of yeast used in this work (S. cerevisiae BY4742) contains the [RNQ + ] prion (Meriin et al. 2002) . Addition of GdHCl to a culture of this strain 'cures' it of prions under the same conditions (Meriin et al. 2002; Singh et al. 2013; Saleh et al. 2014 ) and leads to reduction of aggregation of 103Q-htt in this particular yeast strain (Meriin et al. 2002; Saleh et al. 2014) . The choice of this strain is also dictated by the fact that yeast prions cannot propagate in this strain when HSP104 is deleted (Derkatch et al. 1997; Sondheimer et al. 2001; Wegrzyn et al. 2001; Meriin et al. 2002) . Analysis of the above data reveals some interesting facts. The inhibition of the ATPase activity of Hsp104 up to ∼40% was robustly reversed using millimolar concentrations of the disaccharide, trehalose. Once oligomers and/or aggregates were formed, aggregation was an irreversible process and inhibition of Hsp104 or addition of trehalose had no effect on the process of aggregation. The intracellular concentration of trehalose was found to be significantly lower in yeast cells treated with GdHCl at the beginning of aggregation as compared to 'non-cured' cells at alltime points of protein expression. When trehalose was present (as in WT and nth1 cells), the pattern of aggregation of 103Q-htt in the two strains did not depend on the stage at which Hsp104 was inactivated. The extent of aggregation over time was lower in nth1 cells as compared to WT cells irrespective of addition of GdHCl which may be attributed to the higher concentration of trehalose accumulated in these cells over time. In the nth1 strain which does not metabolize trehalose, aggregation was significantly delayed while in the WT strain which does not accumulate trehalose to the same extent as nth1, aggregation was only marginally delayed upon inactivation of Hsp104. The ambiguity regarding the respective roles of trehalose synthetic enzyme, Tps1, and its product, trehalose, in increasing the thermostability of lower organisms, especially yeast, has thrown up a number of contradictory reports. Simultaneous deletion of TPS1 and HSP104 resulted in a marked decrease in yeast cell viability upon thermal stress (Singer and Lindquist 1998a) hinting at the involvement of both proteins in thermoadaptation. These results suggest that Hsp104 is required for thermotolerance but do not clarify whether Tps1 or trehalose is the primary contributor. The requirement of Hsp104 in yeast for 'seeding' of aggregation (Ferreira et al. 2001) has complicated the scenario. The involvement of trehalose in this process has not been investigated yet. Inhibition of protein aggregation by trehalose is well documented in the literature (Hottiger et al. 1987; Nwaka et al. 1994; Singer and Lindquist 1998a; Tanaka et al. 2004; Sarkar et al. 2007; Jain and Roy 2008; Schaeffer and Goedert 2012; Chaudhary et al. 2014; Saleh et al. 2014; Tapia and Koshland 2014; Connolly et al. 2015) . The direct correlation between the increasing level of intracellular trehalose and thermotolerance following heat stress supports the role of trehalose as a stressprotectant (Hottiger et al. 1987; Nwaka et al. 1994) . Addition of cycloheximide, a protein translation inhibitor, failed to show any effect on acquired thermotolerance in yeast cells although Tps1 and Hsp104 are no longer synthesized (Guyot, Ferret and Gervais 2005), questioning the thermoprotective role of these proteins. Although various hypotheses have been put forth to explain the protein stabilizing effect of trehalose, its mechanism of action is not fully clear (Singer and Lindquist 1998b; Jain and Roy 2009) .
The interaction between the disaggregase Hsp104 and trehalose has been studied by a number of workers. These reports have challenged the role of trehalose in inducing thermostabilization in yeast cells. hsp104 cells remain thermolabile although they accumulate trehalose upon exposure to heat (Winkler et al. 1991) . The reduced survival of WT and nth1 cells post-heat shock does not correlate with their intracellular trehalose level but rather to the lower Hsp104 levels in both strains (Nwaka et al. 1994) . Heterologous expression of trehalase in nth1 cells improves their thermal sensitivity although the level of trehalose does not show any significant change (Ouyang et al. 2009) . Similarly, although trehalose content is low in ubc4 ubc5 strain (ubiquitin conjugating enzyme double mutant), its thermostability is significantly higher than in WT cells, probably because the double mutant strain expresses Hsps constitutively (Seufert and Jentsch 1990) . This indicates a predominant role of Hsps in HSR as compared with the disaccharide. The importance of the synthetic enzyme Tps1 is further supported by the observation that addition of trehalose to tps1 cells has no ameliorative effect on the thermolability and reduced survival of these cells upon exposure to heat (Gibney et al. 2015; Petitjean et al. 2015) .
The activity of trehalose-metabolizing enzymes may be regulated by Hsp104 in heat-stressed yeast cells (Iwahashi et al. 1998) . Trehalose has been proposed to regulate the function of the transcription factor, heat shock factor 1 (Hsf1), following heat shock (Conlin and Nelson 2007) , although this hypothesis has been challenged (Petitjean et al. 2015) . It may be speculated that in nth1 or wild-type cells, as long as trehalose is present, the disaccharide is able to overcome the 'prion-curing effect' of GdHCl, especially if the latter is added after oligomerization has commenced. In the complete absence of trehalose ( tps1 cells), on the other hand, the cell does not experience any stabilizing effect of the osmolyte and aggregation of 103Q-htt takes place even in 'prion-cured' cells. Our results suggest that trehalose may have a role in regulating the function of at least one of the client proteins of Hsf1, viz. Hsp104, and thus may act as the major partner in HSR.
